The capacity for short-term adaptation is a well-estabfished property of the horizontal (H) and vertical (V) components of saccades. It allows these directional components, which clearly serve the goal of foveation, to maintain their precision even under changing circumstances. Torsional (T) saceade components, on the other hand, which deal with the orientation of the target on the fovea, have hardly been investigated in adaptation experiments. They appear to be severely restricted by Listing's law during fxations and saccades. The main purpose of Listing's law is far from obvious but could be visual or oculomotor. Better knowledge of the adaptive capacity of the saccadic system in the torsional direction could throw new light on the functional significance of this interesting neural strategy. To study short-term plasticity in the torsional components of saccades, binocular 3D-eye positions were measured, using magnetic search coils. Five normal human subjects were instructed to make uni-directional refixation saccades, while they viewed a large visual scene. To induce a change in the torsional component, the complete stimulus was rapidly rotated during these saccades. We thoroughly investigated the torsional responses of the saccadic system, to see if any short-term adaptive response in torsional direction was induced, in which case the notion of a visual purpose for Listing's law would be strengthened. In none of our experiments, however, did we find any clear adaptive response in torsional direction. To further investigate the reliability of this result and to ascertain that our experimental conditions allowed classical gain adaptation, we also did experiments designed to achieve a combination of torsional adaptation and classic gain shortening in one of the directional components. While gain adaptation was very obvious, none of the experiments provided evidence for a short-term effect in torsion. We conclude that our experiments do not support a purely visual basis for Listing's law.
INTRODUCTION
The six extraocular muscles allow the eye to rotate with three degrees of freedom. Some oculomotor subsystems, however, restrict eye positions to a two-dimensional plane by implementing Listing's law. To grasp the functional significance of this neural strategy we need to understand why torsional (T) movements are allowed in some subsystems, like the vestibulo-ocular reflex (VOR) and the optokinetic response, while they are severely restricted in others (saccades, smooth pursuit). The functional purpose of Listing's law is still unknown, but the restriction of eye position signals to two dimensions may be advantageous from an oculomotor control point of view (Glenn & Vilis, 1992) . Alternatively, Listing's law could serve the visual purpose of optimizing the orientational invariance of the retinal images. One approach to elucidate the function of a sensory-motor system is to study its capacity for adaptive behaviour. The neural commands of the distinct oculomotor subsystems are generally well tuned to execute the required movement with quite high precision. To preserve their accuracy under changing conditions they require a proper control mechanism with adaptive capacity, which constantly adjusts the system when recognizing imperfections. In the saccadic system, the relation between function and plastic properties is well known for the horizontal (H) and vertical (V) components, which serve the goal of foveation, but this topic has hardly ever been approached from a three-dimensional perspective. In this paper we aim at a better understanding of the functional significance of Listing's law, by studying the capacity for short-term adaptation in torsional saccade components.
Earlier studies on plasticity
The relation between functionality and plasticity can be regarded from a similar point of view in the case of the VOR, whose putative function is to minimize retinal slip during head movement. Recently, BeUo, Paige and Highstein (1991) have shown that adaptive plastic prop-3423 erties keep the primate VOR calibrated in all three dimensions. This is what one would expect if the VOR has to maintain its function in torsional, as well as in horizontal and vertical direction.
Unlike the VOR, saccades satisfy Listing's law during the entire movement (Ferman, Collewijn, Jansen & Van den Berg, 1987a; Minken, Van Opstal & Van Gisbergen, 1993) . To be effective, they should bring the image of a peripheral target close to the fovea. The adaptive properties of the horizontal and vertical components of saccades, necessary to maintain this function, have been investigated extensively.
McLaughlin (1967) showed that changing the visual reafference by intra-saccadic target displacement, induces an adaptive adjustment of the amplitude of the saccade. Since then, it has been demonstrated on many occasions that the saccadic system can adapt to an intra-saccadic shift of the target by changing the amplitude of the movement (Miller, Anstis & Templeton, 1981; Deubel, Wolf & Hauske, 1986; Albano & King, 1989; Semmlow, Gauthier & Vercher, 1989; Erkelens & Hulleman, 1993; Frens & Van Opstal, 1994) . This adaptation is directionally selective, close to complete and has a longer time course for gain increase than for gain decrease. Especially in the gain-shortening paradigm, this so-called "parametric adjustment" is surprisingly fast (20-100 trials). Short-term adaptation for saccadic direction has been shown by shifting the visual target vertically during a horizontal saccade (Mack, Fendrich & Pleune, 1978; Deubel, 1987) . Although relatively slow, saccadic plasticity has also been demonstrated after muscle weakening (Optican & Robinson, 1980) and nerve palsies (Kommerell, Olivier & Theopold, 1976) .
To the best of our knowledge, only one attempt has been made to modify Listing's plane (Haustein, 1988) . In these experiments, subjects viewed a large scene, while making voluntary and visually guided saccades. Meanwhile, the H-component of the eye positions was measured and a proportional torsional rotation was added to the stimulus on-line. Using a photographic technique to measure static eye torsion after such a session, Haustein found no displacement of the primary position nor an adaptational change in torsional direction.
In the experiments described in this paper, we have investigated whether repeated intra-saccadic rotation of the visual scene would induce short-term adaptation of the torsional component of a saccade. We used the three-dimensional magnetic search coil method to measure eye positions, which allowed very accurate determination of all possible adaptive responses during the entire session. In the basic experiment, subjects had to make uni-directional saccades between dots in a large, richly-textured visual scene. During the saccade the whole stimulus was instantaneously rotated about the target, to induce torsional adaptation (T-paradigm). In several control experiments this rotational shift was accompanied by either a horizontal or a vertical translation of the whole visual scene to induce directional gain-shortening (HT-or VT-paradigm). All these experiments were designed to induce a change in the postsaccadic torsional eye position, which would reflect a (local) modification of Listing's plane. If Listing's plane can indeed be modified plastically with this paradigm, this would support the notion of a visual basis for Listing's law. On the other hand, if short-term adaptation of the torsional components of saccades could not be shown, this would be compatible with the motor purpose point of view.
METHODS

Subjects
One female and four male volunteers, aged between 22 and 30, participated in the experiments (AM, BW, PH, SS and VC). All had normal, or corrected to normal, vision in both eyes and none of them showed any oculomotor deficit. Two of them (AM and PH) needed optical correction and wore their contact lenses during the experiment. Except during calibration, all stimuli were viewed binocularly. The subjects sat in total darkness and faced a large tangent screen positioned at a distance between 59 and 120 cm in front of them. Their heads were firmly stabilized in a comfortable upright position by a bite board. None of the subjects was informed about the precise nature of the adaptation paradigm to be used. In fact, two of them (BW and PH) were completely naive about the purpose of the experiments. All subjects were emphatically instructed not to blink during a trial.
Measurement and calibration of eye movements
The position of both eyes was measured using the scleral three-dimensional coil technique in two alternating perpendicular magnetic fields (Ferman, Collewijn, Jansen & Van den Berg, 1987b) . The coil signals were amplified and demodulated in lock-in amplifiers (PAR 128 A). After that, they were low-pass filtered (-3 dB at 150 Hz; 4th order Bessel filter) and finally sampled with 12 bit resolution at a rate of 500 Hz/channel and stored for off-line analysis on the disk of a SUN-3/140 workstation.
Raw eye position signals were calibrated using the procedure described by Hess, Van Opstal, Straumann and Hepp (1992) , which assumes that the primary position is close to the mid-sagittal plane. Before the experimental session, the sensitivity of the coils was measured using a gimbal system. In the course of the experiment, several in-situ calibrations were performed to determine the orientation of the eye coils in the magnetic field, when the subject fixated the reference position straight ahead. For this purpose, a vertical array of 11 light emitting diodes (LEDs), spaced by 21.5cm, was positioned at a distance of l l5cm. The centre LED was aligned with one eye, while the other eye was covered. Subjects were asked to make visually elicited saccades from the centre LED to one of the peripheral LEDs and to fixate each target for at least 1 sec. From these data the orientation of the coils, with the eyes in the reference position, was determined.
To describe three-dimensional eye positions as rotations from this reference position to the current position, a head-fixed coordinate system was defined. The x-axis of this Cartesian, right-handed coordinate system pointed forward, the y-axis leftward and the z-axis upward. Each eye position could now be described by a rotation vector r: r= (rE, rv, r:)= tan(P).n
in which n is a unitary rotation axis and p is the amount of rotation about this axis (Haustein, 1989) . Torsional eye position is described by the x-component of this rotation vector, while horizontal and vertical eye positions are specified by the z-and the y-component, respectively.
To measure the Listing plane of each eye, which was done at least twice during each session, 25 LEDs were arranged at a distance of 115 cm in front of the subject, in a square array of 5 rows and 5 columns that were separated by 21.5 cm. Subjects were instructed to fixate the green centre stimulus as soon as it appeared. After a fixation time of 0.5 sec, all other LEDs became red and subjects had to make at least three voluntary to and fro saccades to different peripheral LEDs. Fixations had to last at least 0.5sec. Subsequently, all LEDs were switched off and the subject was allowed a short pause between 4.5 and 5.5 sec. The total sequence consisted of 10 such trials. The resulting data were used to compute the orientation of Listing's plane in each of the two eyes, by fitting the primary position (Minken et al., 1993) .
Finally, a new coordinate system was defined for each eye, in which the primary position, rather than the straight-ahead direction, was the new reference position. All data were recalculated to this new coordinate system in which Listing's law takes the simple form: rx = 0, which implies that all eye position vectors should have zero torsional components, if the law holds perfectly. In our Listing-experiments (see above) typical values of the standard deviation of the torsional components in this new coordinate system ranged from 0.8 to 1.2 deg. This procedure has been fully described by Minken et al. (1993) and is very similar to that used by Tweed, Cadera and Vilis (1990) .
We described the component sizes of eye movements by taking the algebraic difference of the rotation vector components between the beginning and the end of the movement. The resulting displacement vector (see, e.g. Van Opstal, Hepp, Hess, Straumann & Henn, 1991) directly yields the change in each component separately. All data were expressed in degrees by using the inverse of equation (1). To judge whether adaptive changes in the oculomotor responses match the demand for change imposed by the stimulus, stimulus position should be expressed in the same format. However, describing stimulus position as a rotation vector, in the different Listing coordinates of both eyes leads to cross components in all three HVT-directions. Not much would be gained by using this format, because it offers only a modestly better approximation of stimulus position (10% at best) at the cost of an unwieldy and probably confusing description. For clarity, we therefore denote target position as the angle calculated for each direction separately. This choice does not influence our conclusions in any way.
Adaptation paradigms and stimuli
The pre-and post-saccadic stimuli in the adaptation experiments were back projected by two slide projectors on a large tangent screen, positioned in front of the subject. The main pre-saccadic stimulus is depicted in Fig. l (a, top and bottom panels) (these will be termed stimulus A and C, respectively). It showed black and white horizontal (or vertical) bars behind a circular mask. On the midline two red fixation dots were present. To test whether the texture of the scene was of any importance, in some experiments we used grey-valued checkerboard patterns of the type shown in the middlerow panels of Fig. 1 (stimulus B) . To investigate shortterm adaptation in the torsional components of saccades, three different experimental paradigms were used, each with a distinct way of presenting the post-saccadic stimulus. In the main experiment, designed to adapt exclusively the torsional component (T-paradigm), the right-hand dot was the fixation spot, while the left-hand one was the target (see Fig. 1 , top row). The post-saccadic slide in the second projector was a copy of the pre-saccadic scene, rotated 10 deg counter-clockwise (CCW) about the target dot and without the original fixation spot. In additional experiments, aimed at adapting both torsion and the horizontal saccade component (HT-paradigm), the post-saccadic scene was rotated in the same way, while an additional rightward translation of the whole stimulus was added (see Fig. 1 , middle row). In the VT-paradigm, which was designed to elicit shortterm adaptation of both the torsional and vertical component of saccades, the upper dot was the fixation spot and the lower dot the target. As shown in the bottom row of Fig. 1 , the post-saccadic scene was rotated but also translated upward in these experiments.
The temporal and spatial relations between stimulus presentation and the subject's eye movements are shown in Fig. 2 for the T-and HT-paradigm. In all paradigms, subjects were instructed to look at the fixation dot as soon as the pre-saccadic scene appeared. After a fixation time of 800 msec, a tone prompted the subject to start the leftward saccade as quickly as possible, which is indicated in Fig. 2 by a step change of the target in horizontal direction. To change the orientation of the stimulus during the saccade, fast feedback on eye position was needed. Saccade velocity was continuously calculated by differentiating the coil signals in time intervals of 6 msec. A saccade was detected at the time when eye velocity first exceeded 75 deg/sec. Using computer controlled electronic shutters, the images from both projectors were exchanged 20 msec after saccade detection, since saccade velocity was close to its maximum at that moment. As shown in Fig. 2(a, c) , in the post-saccadic scene of the T-paradigm, the location of the target remained unchanged during the saccade, while the whole stimulus itself was rotated 10 deg CCW about the target. Since the contour of the mask was on the peripheral retina, we have little reason to think that this would affect the torsion adaptation process. In the HTand VT-experiments an additional translation of the whole scene was added during the detected saccade, which is indicated by the change in stimulus position in Fig. 2(b) . Subjects had to hold fixation until the total data collection time, which began 200 msec prior to the tone prompt and which lasted from 1500 to 2500 msec in different experiments, had elapsed and both shutters were closed. If the subject made an incorrect saccade or did not start a saccade within 700 msec after the tone, all shutters were closed immediately.
To measure the normal behaviour of the subject when making the desired saccade, at least 10 control trials were run at the beginning of each experiment, in which the orientation and position of the stimulus was not changed during the saccade. We will refer to these trials as the test phase. In the training phase, at least 200 identical trials were run in the course of one experiment, in blocks of 35~60 trials. Between blocks and trials subjects sat in total darkness to prevent readaptation. To eliminate all possible stationary cues from the visual field, subjects looked at the screen through a circular mask just in front of them. If time allowed, the test sequence was repeated at the end of the session, to investigate the time course of readaptation. The total duration of a complete experiment never exceeded 1 hr. In order to eliminate residual effects from previous adaptation experiments, experimental sessions were done with intervals of several days.
The T-paradigm was used in six experiments on four subjects (AM, BW, PH and VC) and two different stimuli (A and B). Screen distances ranged from 61 to 120 cm in the different experiments. As a consequence, the angular subtense of the scenes varied between 22 and 51 deg, while the amplitude of the horizontal saccade ranged from 10 to 27deg. The HT-experiments were done once for two different subjects (AM and BW). In both cases stimulus B was used with a distance of 13 deg between the fixation and the target dot, while the total viewing angle of the scene was 26 deg. In these HT-experiments a horizontal rightward translation of 3 or 4 deg was added to the CCW rotation, so the resulting horizontal target step was either 9 or 10deg. In the VT-paradigm, which was used once, the subject (SS) had to make downward saccades. Stimulus C was used with an angular subtense of 52 deg and an original vertical target step of 21 deg. In this condition, the stimulus was rotated 10 deg CCW about the lower target, while an upward translation of 5 deg was added. In all experiments eye movements of both eyes were recorded simultaneously. In four experiments one of the coils broke during the experiment, in which case all data of that coil were excluded from analysis.
Data analysis
The velocity of the eye movements was calculated by differentiation of the position signals in half overlapping steps of 4 msec. After filtering with a 33 points, 75 Hz Rabiner digital filter, the resulting velocity signal was used for automatic saccade detection which was checked by visual inspection. All relevant data of the first three saccades in each trial, if present, as well as those of all fixations during a trial were stored. An example of a response is shown in Fig. 3 .
The primary saccade in each trial was marked with the label "prim", while the total post-saccadic movement occurring between the end of this first saccade and the mean eye position during the last fixation in each trial was labelled by "post".
To obtain the overall results for the test data (shown in the tables), all results of the test trials at the beginning of an experiment were averaged. To characterize the adaptive response to the training phase, only the last 100 training responses were averaged. This was done, because at least 200 training trials were run, and classical short-term adaptation was almost complete after 100 training trials.
Incorrect trials were excluded from analysis. In case of a wrong fixation at the beginning or the end of a trial the incorrect parts of the trial were ignored. On some occasions we found random long-term slow torsional drift due to coil slippage. However, assuming that coil slippage during a single trial was negligible, no correction was needed, because we only calculated torsional changes within trials. This assumption was checked by comparing eye positions at the beginning of successive trials, throughout the experiment. The data of one experiment were rejected completely because we found severe and random torsional changes throughout the experiment. T-paradigm experiment with basic stimulus, consisting of black and white bars (type A). Upon an auditory stimulus, subjects had to make a saccade from the right-hand dot towards the left-hand one in the pre-saccadic scene. During this saccade the scene was replaced by the one shown in the right-hand panel, which is rotated I0 deg CCW about the target. Middle row: HT-paradigm experiment with checkerboard stimulus (type B). During the leftward saccade, the whole stimulus is now also translated to the right, to induce gain-shortening. Bottom row: VT-paradigm with stimulus with vertical bars (type C). Subjects had to make a downward saccade. During this saccade, a gain-shortening upward translation is added to the orientational change. In all cases, the post-saccadic scenes were copies of the pre-saccadic ones, rotated 10 deg CCW about the target dot and without the original fixation dot. 
RESULTS
In the experiments we have attempted to investigate the behaviour of the torsional components of saccades in several kinds of adaptation paradigms, to find out more about the functional significance of Listing's law.
T-experiments
In the T-paradigm, subjects were asked to make leftward saccades between two dots in a large scene (see Fig. 1, upper row) . In the test phase, the scene was left unchanged during the saccade. In the training phase, which followed, the whole stimulus was rotated CCW over 10 deg about the target during the saccade. This induced a pure orientational shift of the scene about the new fixation spot. A typical result of this type of experiment, representative of all six experiments in the four subjects tested, is depicted in Fig. 4 . The horizontal (Hprim) and torsional (Tpnm) components of the first saccade of the left eye are shown for each trial. The dashed line marks the beginning of the training phase. In this case, fixation and target dot were 10 deg apart. In the test phase the mean values of Hprim and Tprim were 9.5 + 0.7 deg and 0.3 + 0.3 deg respectively. Thus, in almost all training trials the horizontal component, Hprim , was very close to the desired target. The mean value of Hprim for the last 100 training trials was 10.0 + 0.6 deg. In spite of the torsional 10 deg CCW shift of the scene, no change in the torsional component Tprim was found during the training phase, as is very obvious from the lower trace in Fig. 4 . The mean value of Tprim for the last 100 training trials (0.2 + 0.2 deg) does not differ significantly from the value in the test phase. So, the primary saccade does not show any adaptational effect in torsional direction at all.
In Fig. 5(a, b) , we show the results from another subject in a different format. Figure 5(a) shows the test trial results, while the last 100 training trials are plotted in Fig. 5(b) . The circles mark the horizontal and torsional target positions of the test and the training trials. The target during the test trials was at H = + 10 deg (target was 10deg left from the fixation spot) and T = 0 deg (scene was not rotated in the test phase). The target during the training phase was at H = + 10 deg (scene was not translated) and T = -10 deg (scene was rotated 10 deg CCW). The arrow indicates the expected change, if complete saccadic adaptation would occur in torsional direction. However, as can be seen by comparing the test and the training trials, no significant change occurred, which shows that the primary saccade has not changed due to our paradigm. This result holds for the total of 10 eyes as tested in the six T-experiments on four different subjects and appeared to be independent of stimulus size and pattern and of horizontal target amplitude. The average change in torsion between the test phase and the last 100 training trials was very small (0.3 + 0.2 deg). We never saw a change in the direction of the torsional step in any of the experiments, not even after the primary saccade. The absence of a change in torsional direction implicates that no local change in Listing's plane could be induced and that the eye remains confined to its Listing's plane during the whole experiment. Moreover, the primary positions measured in the beginning and at the end of a session were nearly identical.
HT-experiments
In almost all experiments in the literature, saccadic adaptation was studied using simple dot stimuli. Accordingly, there is a theoretical possibility that our negative result may be related to the use of a large complex scene, rather than to the inability of the system to show torsional adaptation. To test whether our large, richly-textured scenes would allow classical short-term adaptation, we added a translational shift to the intrasaccadic CCW rotation, to elicit gain-shortening of the directional component of the saccades (HT-paradigrn). The dots in the pre-saccadic scene were 13 deg apart and the gain-shortening rightward shift was 4 deg in one experiment and 3 deg in another. Figure 6 shows the result for one of these experiments. In Fig. 6(a) the Hand T-components of the primary saccade are shown.
The upper trace is Hprim , while the lower trace is Tprim.
The test target was at (H, T) --(13, 0), while the training target was at (H, T)= (9,-10). The horizontal components of these targets are marked by the dotted lines. Hprim shows a very clear, although relatively slow, gainshortening reaction, which is almost complete after 200 trials. Tpnm, on the other hand, does not change at all, during the entire training phase. So, while the directional gain-shortening is very obvious, short-term adaptation in torsional direction was absent.
In Fig. 6(b) , the parameters Hpost and Tpost are shown, to illustrate that the post-saccadic torsional movement showed no correction response to the step, while the horizontal component changed gradually in the course of the experiment. This means that neither torsional correction saccades, nor post-saccadic torsional drift occurred to compensate for the perceived shift in orientation.
In Fig. 5(c, d ) comparable results are shown for the other subject. In the test phase Hpnm is again very close to the desired target. In the trained phase (last 100 training trials) this horizontal component has become smaller by the expected amount of 3 deg, while the torsional component has not been changed at all. The overall results of the HT-experiments are listed in Table 1 . In all eyes tested, the horizontal component changed during the training phase, to match the added rightward, gain-shortening translation of the scene. The torsional component, by contrast, remained almost unchanged. Virtually no difference at all could be detected between the torsional components of the saccadic movements in the test and in the training phase. An example of the change of the directional and torsional components within trials in the course of an experiment is given in Fig. 7 . Figure 7 (a, c) shows the first training trial of one of the HT-experiments. Figure  7 (b, d) shows the last training trial of the same session. In the bottom row the torsional movements during these two trials are depicted on a sensitive scale. These movements were very small and inconsistent and showed no clear counter-clockwise changes related to the step stimulus for any of the subjects. This is in marked contrast to the directional component (H), in which an initial overshoot is even reduced to a clear undershoot in the last trial.
VT-experiments
To generate H-movements, nearly only the horizontal muscles are active. To generate a vertical movement, however, the vertical and oblique muscles of each eye are involved. When a vertical amplitude shortening paradigm is used, and the rotation is added again, complete adaptation would require adjustment of control signals to all of these four muscles. To investigate this, the gain-shortening experiment was repeated in vertical direction (VT-paradigrn). Subjects had to make downward saccades between the two red dots (see Fig. 1 , bottom row). During these saccades the scene was again rotated 10 deg CCW but also translated 5 deg upward. The results [ Fig. 5(e, f) ] are again unequivocal in showing fast and complete gain-shortening in vertical direction and no obvious adaptation in the T-component. The results of the VT-experiment are summarized in Table 2 , in which the correspondence with the other two paradigms finds clear expression.
Finally, the conjugacy of adaptation between both eyes was investigated in all experiments. In each of the three paradigms we found a very high correlation for the directional components of the movement for both eyes (r > 0.94). For the torsional components the correlation coefficient was smaller (0.21 < r < 0.86) but sometimes still significant. As an example, representative for all experiments, the data for both eyes is shown for the VT-experiment in Fig. 8 . Figure 8(a) shows the vertical component of the primary saccade for both eyes, which are very much alike throughout the experiment. The conjugacy for the torsional component, as shown in Fig. 8(b) , is less obvious. In this panel another interesting In the training phase the target was shifted to (H, T)= (10, -10). As shown clearly in the right-hand panel, after training, the primary saccade is shortened in horizontal direction, but unchanged in torsional direction. (e, f) Result of VT-paradigm. Subject SS, data from left eye. Stimulus C was used with an angular subtense of 52 deg. In the test phase the target was at (V, T) = (21, 0). In the training phase the target was shifted to (V, T) = (16, -!0). All test trials end near the target. In the trained condition, however, the amplitudes of the primary saccades match the desired vertical target position perfectly, while the torsional component is unchanged.
phenomenon can be seen. The left eye rotated clockwise (CW) in the test phase. During the training phase this CW component seems to decrease. The right eye behaves in exactly the opposite direction (see also Table 2 ). This disconjugate effect, which has not been observed in the T-and HT-experiments, could indicate a minor crosstalk between the vertical and oblique muscle pairs, but this requires further investigation. In this experiment again the primary positions of both eyes did not change during the session.
DISCUSSION
In this paper we have explored the relations among function, the capacity for plastic adaptation and the dimensionality of saccadic eye movements from a threedimensional perspective. We tested whether intra-saccadic rotation of the scene surrounding the saccade target, repeated in many successive trials, would induce a change in the torsional component. This study was motivated by the intriguing question which purpose may Hpost changes clearly at the first few trials of the training phase, but decreases slowly in the course of the experiment, in line with the horizontal gain-shortening in the primary saccade. Hpost also changes obviously at the beginning of the readaptation phase. Tpost , on the other hand, is not changed at all during the experiment. This indicates that no torsional movement whatsoever is made as a reaction to the orientational shift of the scene of 10 deg CCW.
underly Listing's law. Our approach is based on the assumption that the function of the saccadic system is mirrored in its adaptive behaviour. This has been amply confirmed by the results of earlier plasticity studies on the HV-directional components with a comparable paradigm. The results are very clear: we could not find the slightest indication for an adaptational response in torsional direction, nor even for any torsional response to the rotation step in any of the experiments. The Hand V-components, by contrast, showed fast and sizeable short-term gain adaptation in the HT-and VTexperiments for all stimulus patterns. This demonstrates that the saccadic system can readily adapt to intrasaccadic step displacements of any of our scenes, but apparently this capacity is limited to the directional components.
The main goal of saccades is fast and accurate capture of the visual image on the foveal area, to allow detailed inspection of the surroundings. This requires that horizontal and vertical components of saccades have a high angular velocity and good accuracy. Since a generally accepted theory on the purpose of Listing's law is not Scene description in the second column lists the stimulus used in the experiment (see Fig. 1 ) and its angular subtense in degrees. The number of correct trials in the test and the training phase is listed in the column labelled n. H t is the horizontal target step, which was 13 deg in the test phase, and reduced to 9 or I0 deg in the training phase. T t is the torsional target step, which is 0 deg for test trials and -10 deg in the training phase. To obtain Hprim , Hpost , Tprim and Tpost, for the test phase, all test trials were averaged. For the training data, only the last 100 training trials were averaged. Note that the saccadic system is indeed capable of adapting to this paradigm, but only in horizontal direction. Torsional movements show no effect.
available, the requirements for the torsional components of saccades are much less obvious. Functional considerations need to take into account that T-components affect the orientation of the visual scene on the retina, rather than its position relative to the fovea. This plain fact seems relevant when one tries to understand the special position of the T-components of eye movements, distinct from the HV-components, as has been noted earlier in a number of studies.
Differences between torsional and horizontal/vertical eye movements
In the VOR, whose main purpose is to prevent slip of the retinal image during rotations of the head, several differences have been reported between HV-and Tcomponents. In the HV-direction the gain of the VOR is close to -1. For the VOR-gain in T-direction, however, an average value of only -0.66 has been reported, which means that there is residual torsional slip on the retina during roll movements (Crawford & Vilis, 1991) . The implementation of this stabilization function during VOR slow phases will often bring the eye out of Listing's plane. Yet, the system seems to care about torsional eye position, because continuous body-rotation experiments have shown that quick phases bring the eye back to its Listing position, and even beyond that, anticipating the torsional displacement in the next slow phase (Crawford & Vilis, 1991) . Thus, the combination of slow and quick phases of the VOR steers the middle course between perfect compensation for retinal slip (T-gain ----1) and satisfying Listing's law (T-gain = 0).
During visual fixation, HV-eye movements exhibit a mixture of slow drift and resetting microsaccades, yielding an average standard deviation of only 0.1 deg (Ott, Seidman & Leigh, 1992) . T-movements, on the other hand, show larger drifts with fewer saccades, yielding a larger average standard deviation. One could ask whether the torsional movements also have a resetting nature, and, if so, what their driving force would be. Ott et al. (1992) argued that these results represent behavioural evidence that horizontal and vertical gaze directions are stabilized by visual feedback, whereas torsional gaze is controlled by a mechanism related to the maintenance of Listing's law. Similar results were obtained by Van Rijn, Van der Steen and Collewijn (1994) , who reported that spontaneous torsional eye movements are largely conjugate, indicating a larger stability for cyclovergence than for cycloversion. Interestingly, the overall stability of cycloversion was unaffected by visual feedback. They argue that this reflects a greater importance of torsional retinal correspondence, than of absolute torsional position. In this context, it is important to note that the visual consequences of ocular drifts in the T-plane differ from those in the HV-planes. While fixation serves to capture the image of the visual target on the fovea, T-components are not directly relevant for foveation but deal with the orientation of the target on the fovea. HV-drifts of the retinal image will induce far more slip in the foveal area than would be caused by T-drifts. For saccades, which do satisfy Listing's law, the T-component of eye position is close to zero and generally not under voluntary control. Nevertheless, Balliet and Nakayama (1978) have successfully trained human subjects to make voluntary T-movements. Their study shows that T-components can be modified but this result required very extensive training in cooperative subjects and is not an adaptational effect. A point to be taken from these various studies is that, while torsional resetting eye movements may keep eye positions close to Listing's plane, they are not visually driven and cannot be initiated voluntarily.
Saccadic short-term plasticity
As already mentioned, the HV-components of saccades show fast and accurate short-term plasticity, when a consistent post-saccadic retinal error is detected. By contrast, nothing can be found in the generally accessible literature on the plasticity of saccade T-components, which may perhaps be partly explained by the fact that techniques to obtain reliable recordings of eye positions in three dimensions have become available only recently. In his thesis, however, Haustein (1988) reported an attempt to modify Listing's plane, relying on a paradigm which differed somewhat from ours. His subjects made voluntary and visually guided saccades while they viewed a large, complex scene. The H-components of the eye position were measured using the EOG technique. On line, a proportional torsional rotation, about the centre of the scene, was added to the stimulus. This procedure caused not only a rotation of the visual scene on the retina, but also induced a translational component. Because Haustein used a photographic technique to measure static eye torsion only before and after the session, he was unable to verify if any torsional reaction at all occurred during the experiment. He did not find a displacement of the primary position nor an adaptational change in torsional direction on the basis of a modified visual reafference. Our study, using a precise continuous recording technique of eye torsion, and a purely rotational shift of the visual scene during training, adds valuable further information to his findings.
Although there is still no definite answer to the basic question whether Listing's plane is a modifiable property or whether it is immutably fixed in the head, it is known that the orientation of the plane in the head varies for different subjects and even shows small day-to-day variation within individual subjects (Haustein, 1988) . Recently, more has become known on how Listing's plane may be determined neurally. From stimulation and lesion studies in monkeys, Crawford and Vilis (1992) concluded that burst-neuron coordinates appear to be symmetrical about Listing's plane and are not that tightly coupled to external anatomic landmarks. So certain physiological properties of the oculomotor control system appear to vary among subjects when expressed in head coordinates, since they operate in Listing coordinates. Accordingly, Crawford and Vilis argued that Listing's law is determined by a functional strategy, not by some fixed anatomical layout. It has been shown by Haslwanter, Straumann, Hess and Henn (1992) that inputs from the otolith system can give rise to a change in Listing's plane. Tilting monkeys about an interaural axis with respect to gravity resulted in a countertilt of Listing's plane in the head. Roll movements, as well as unilateral riMLF lesions (Vilis, Hepp, Schwarz & Henn, 1989 ) caused a shift of the plane.
All these experiments suggest that Listing's plane is not fixed anatomically once and for all, but that it can be changed by neural inputs. Our question was, whether the plane could be modified by a special kind of visual input, namely manipulation of the intra-saccadic feedback. We applied the step-change paradigm, which has been widely used with success in HV short-term adaptation experiments, to the torsional components of saccades. In all our experiments, however, not even a slight modification of the torsional component of the saccadic eye movement could be found. To be more precise, we did not find any torsional response at all, even in conditions where the saccadic system frequently made correction saccades (see, e.g. Fig. 6 ). So not even a response of the optokinetic system was found. This is not very surprising, because our orientational step of the stimulus will be seen as a pulse input by this velocitysensitive system. Slowly sinusoidally moving torsional stimuli, on the other hand, do elicit torsional optokinetic eye movements (Howard, Sun & Shen, 1994; Van Rijn et al., 1994) . It remains a very interesting question for further research, whether the torsional component is not only able to respond to a post-saccadic slow drift presented after a saccade, but also to adapt to it, in the same way as has been shown for horizontal postsaccadic movements (Optican & Miles, 1985) . If this kind of plasticity could be shown, the question would remain whether the optokinetic system or the slide component of the saccade has adapted. In our experiments we addressed the question whether the pulse of the saccade can be adapted torsionally by a purely visual stimulus. This appeared not to be the case, since all eye positions still obey Listing's law after training. The fact that we did not find any torsional response at all, makes it somewhat unlikely that longer sessions, with more training trials, would reveal such a response, but it would be useful to check this possibility. The same holds for the possibility that using a still larger field of view may have an effect. It should be noticed however that our attempts in that direction, using scenes with an angular subtense up to 52 deg, have not been promising.
This failure to induce torsional adaptation by visual means leads us to the conclusion that our data do not support a purely visual basis for Listing's law. Glenn and Vilis (1992) have come earlier to this conclusion on the basis of entirely different experiments. They examined static eye and head positions after large gaze shifts to visual targets and found that neither eye position in space nor head position in space was confined to a Listing-like plane. From these data, Glenn and Vilis concluded that the supposition that Listing's law serves the perceptual purpose of maintaining radial constancy, which means that the orientation of the retinal image of any line through the primary position is kept constant as gaze moves along that line, is untenable. They suggest that, by having the eye in space behave like a Fick gimbal instead of a Listing system, the work done against gravity may be minimized. The point that Listing behaviour of the eye in the head restrains eye positions could also be profitable for the oculomotor system, since this behaviour prevents the eye from accumulating torsion during continuous circular tracking movements (Minken et al., 1993) .
By using the three separate experimental paradigms, we aimed to investigate the influence of the cooperation between different muscle pairs. During a purely horizontal movement the horizontal muscles are mainly active. In case of a vertical eye movement, however, the vertical and oblique muscles cooperate to achieve the required movement. As shown by Bello et al. (1991) the VOR can adapt in each of the three orthogonal directions, without any cross-coupling to one of the other channels. Our results from the T-and HT-experiment suggest that this might also be the case for the saccadic system in the horizontal direction. In the VT-experiment, however, we saw a small disconjugate torsional rotation in the two eyes during training, which disappeared again in the readaptation phase. Since this change was not in the same direction for both eyes as the step change of the stimulus, it probably was not an effect of a visual adaptation response, but the possibility exists that it was the consequence of cross-talk between the vertical and oblique muscles.
